The diffusion behavior of Mn, O, and S at the interface between the oxide and solid steel must be clarified to understand the reaction between solid steel and inclusions containing sulfur at heat-treatment temperatures. In a previous paper, we investigated the reaction between the MnO-SiO2-FeO oxide and an Fe-Mn-Si solid alloy by heat treatment using diffusion couple. In the diffusion couple experiments, fine particles were formed near the interface between the alloy and the bulk oxide after heat treatment owing to diffusion of oxygen from the bulk oxide to the alloy. In this study, by using the same diffusion couple method, we investigated the effect of sulfur on diffusion behavior. The width of the particle-precipitated zone (PPZ) and Mn-depleted zone (MDZ) decreased with increasing sulfur content of the bulk oxide and with decreasing sulfur content of the alloy. This result indicates that the diffusion of oxygen was suppressed by the diffusion of sulfur. The influence of sulfur on the formation of the MDZ and PPZ is discussed in terms of the difference in the driving force of sulfur diffusion and the direction of oxygen and sulfur diffusion.
Introduction
Precipitation of MnS on oxide during solidification is already known. 1) However, as the solubility of sulfur in oxide and the solubility product of Mn and S in steel changes with decreasing temperature, the diffusion of sulfur and other elements between the oxide and solid steel would occur during heat treatment. In a previous paper, 2) we clarified the reaction between the MnO-SiO 2 -FeO oxide and an Fe-Mn-Si solid alloy by heat treatment using diffusion couple of the bulk oxide and solid steel. The results are summarized as follows. When the ternary oxide of MnO-SiO 2 -FeO came into contact with the Mn-Si deoxidized steel, metallic iron in the bulk oxide and oxide particles in the alloy were formed near the interface after heating at 1 673 and 1 473 K. A particle-precipitated zone (PPZ) and Mndepleted zone (MDZ) were formed near the interface in the alloy. The precipitation behavior of the particles can be considered to be related to the diffusion of oxygen from the oxide to the alloy. Consequently, oxide particles were precipitated near the interface and the Mn content in the alloy near the interface decreased owing to the consumption of Mn for the formation of the particles. The formation of iron particles and the decrease in the FeO content in the bulk oxide indicates the reduction of unstable FeO in the oxide at the heating temperature. Recently, we found that the width of the PPZ and the chemical composition of the precipitated particles were affected by the presence of sulfur in the alloy and bulk oxide. [3] [4] [5] Nevertheless, the precise mechanism for the effect of sulfur on particle precipitation has not been clarified.
The behavior of MnS precipitation on various oxide particles with changing sulfur content in steel with 1 mass% of Mn was investigated by Wakoh et al. 6) When the sulfur content was below 100 ppm, MnS was precipitated only on oxides with a high sulfide capacity and low melting temperature. On the other hand, when the sulfur content was above 100 ppm, almost all oxides worked as precipitation sites for MnS. The behavior of MnS precipitation on oxide particles in low-sulfur-and low-carbon-containing steel was also investigated by Wakoh et al. 1) The authors clarified the relation between the precipitation ratio of MnS on MnO-SiO 2 oxide and the sulfide capacity of the oxide, and they concluded that MnS precipitated easily on the oxide with a high sulfide capacity. The mechanism of MnS precipitation on oxides was proposed by Kim et al. 7) The authors attempted to elucidate the mechanism of the formation of the Mndepleted zone by examining the precipitation behavior of MnS on MnO-SiO 2 oxide inclusions. The formation of a Mn-depleted zone around the inclusion and precipitation of MnS on the inclusion were greatly affected by the thermal history of the steel. Shibata et al. 8) reported the effect of the composition change of the inclusion to MnO-Cr 2 O 3 from © 2014 ISIJ MnO-SiO2 on the precipitation of MnS in an Fe10mass%Cr alloy with low Si content after heat treatment at 1 473 K. The precipitation of MnS was restricted after heat treatment at 1 473 K for 10 min during the composition change of the inclusion to Mn-Cr2O3 from MnO-SiO2. After heat treatment for 60 min, the ratio of MnS precipitation on the oxide inclusion was similar to that in an Fe10mass%Cr alloy with a high Si content, in which the MnO-SiO2 inclusion did not change to MnO-Cr2O3. They considered that MnS precipitation declined owing to the decrease in Mn content in the steel by the reaction between the steel and the inclusion to form MnO-Cr2O3.
Therefore, the diffusion behavior of Mn, O, and S at the interface between the oxide and the solid steel must be clarified in order to understand the mechanism of MnS precipitation. However, it is difficult to study the diffusion behavior of elements at the interface of actual inclusions because they are too small, making it very difficult to measure the concentration change in steel around the inclusions. In the present study, by using the same diffusion couple method reported in a previous paper, 2) we investigated the effect of sulfur on the diffusion behavior.
Experimental Method
Fe-Mn-Si-S alloys were premelted using electrolytic iron, ferromanganese, silicon, and sulfur in an arc furnace. The contents of Mn, Si, and Fe alloy were analyzed by an electron probe microanalyzer (EPMA), and the initial content of sulfur in the alloy was analyzed by a combustioninfrared spectrometer. The oxide of MnO-SiO2-FeO with sulfur was premelted in an electrical resistance furnace at 1 673 K by two methods. In the first method, reagent-grade MnO, SiO2 powders, and FeO powders were mixed in a Pt crucible (20 × 15 × 10 mm) and premelted under a controlled partial pressure of S2 and O2 using a mixture of CO, CO2, and SO2 gases. In the second method, MnO, SiO2, FeO, and MnS powders were premelted under an Ar gas atmosphere. In this case, MnS of the molten oxide was oxidized by the remaining oxygen gas in a reaction tube, forming MnO and SO2 gas. Therefore, in this case, the mixing composition of sulfur was larger than the target value.
The compositions of the diffusion couples are listed in Table 1 . The contents of Mn and Si in the alloy were determined by the equilibrium relation with MnO-SiO2 at 1 823 K. The equilibrium relation is described in our previous paper.
2)
The sulfur content of the oxide was determined to be equilibrated with the alloy at 1 823 K. The equilibrium sulfur content in the oxide was calculated by Eq. (1) using the sulfide capacity of oxide, where (mass%S) means the mass% of sulfur in molten oxide. The sulfide capacity of the MnO-SiO2 oxide was reported by Hino et al. 9) In this calculation, the partial pressures of S2 and O2 were determined by Eqs. (2) and (3) 10) where the standard state of gas was pure gas of atmospheric pressure and that of solute element is 1 mass% in liquid iron. The activity coefficient of sulfur was assumed to be unity. Using the standard free energy of the formation of MnO and SiO2 and the activities of MnO and SiO2 in slag, the activity of oxygen was determined by equilibrium between the alloy and the oxide in our previous paper.
2) By this calculation, the equilibrium sulfur content in oxide at 1 823 K was determined to be 0.09 mass% for a 3.1 mass%Mn-0.1mass%Si-0.009mass%S alloy. In the case of diffusion couple A1, the sulfur content in the oxide was in equilibrium with the alloy at 1 823 K. On the other hand, in the case of diffusion couples A0 and A2, the sulfur content in the oxide was lower (0 mass%) and higher (0.28 mass%) than the equilibrium, respectively. In the case of diffusion couple C2, the sulfur content in the alloy was decreased to 0.001 mass% and the sulfur content of the oxide was the same as that of A2. The experimental method was the same as that described in our previous paper.
2) The obtained oxide was placed in a hole that was manufactured in the alloy. The specimen and Ti foil were then sealed in a quartz tube (O.D. 12 mm, I.D. 10 mm) in which high-purity Ar gas was introduced at a pressure of 20 kPa. The oxide was melted at 1 673 K for 10 min in the hole of the alloy to ensure good contact between the alloy and the oxide. In some cases, to confirm the reaction at this temperature, the heating time was extended for 30 min. The quartz tube containing the sample was then quenched in water. Subsequently, the sample was heated at 1 473 K for 10 or 50 h. After this heat treatment, the sample was quenched again in water. A cross section of the interface between the alloys and the oxides was analyzed using an electron probe microanalyzer (EPMA).
Results

Effect of Sulfur on the Reaction after Heating at
1 673 K Diffusion couples A1 and A2 were heated at 1 673 K for 10 and 30 min, and the results were compared with the results for diffusion couple A0. The results for A0 are shown in our previous paper.
2) Figure 1 shows the cross section of the interface between the alloy and the bulk oxide of diffusion couple A1 after heat treatment at 1 673 K for 10 min [A1-0 (10) . In this paper, the oxide that con- Table 2 . Each composition is the average value of three or more different points. The concentration in oxide phase was uniform and the concentration difference between the bulk and the interface was not detected clearly. In each case, a comparison with the initial content is shown in Table 1 . The FeO content in the bulk oxide after heating at 1 673 K for 10 and 30 min decreased from the initial content to 1.2-2.4 mass%, except for A0-0. The sulfur content in the bulk oxide did not change from the initial content in A2-0(10) and A1-0(30). However, it decreased from the initial content in A1-0(10) and A2-0(30).
Small particles were observed in the alloy near the interface. The particle-precipitated zone (PPZ) was defined as the zone with more than two particles are counted in a rectangular area 50 μm parallel to the interface and 5 μm perpendicular to the interface. The chemical composition of these particles is plotted in the phase diagram of the MnOMnS-SiO2 system at 1 623 K, 11) as shown in Fig. 2 . In this diagram, the content of SiO2 was calculated from the analyzed content of Si assuming a stoichiometric composition of SiO2; the MnS content was estimated from the analyzed S content assuming a stoichiometric composition of MnS. Furthermore, by subtracting the Mn content as MnS from the analyzed Mn content, the MnO content was calculated assuming a stoichiometric composition of MnO. When the samples were heated at 1 673 K for 10 and 30 min, the main chemical composition of the particles became close to 2MnO·SiO 2 . The MnS content in the particles was below 10 mass%. Most of the particles existed in the liquid area of the phase diagram, although the temperature of the phase diagram was 50 K lower than that of the experimental condition.
The concentration profiles of Mn and Si in the alloy near the interface are show in Fig. 3 . After heating at 1 673 K for 10 and 30 min, the Mn content decreased to approximately 2 mass% toward the interface in diffusion couple A0, and it decreased to approximately 2.5 mass% in diffusion couples A1 and A2; however, it slightly increased toward the interface in regions less than 20 μm from the interface, except with A0-0. Mn-depleted zone (MDZ) was defined as the area with Mn content lower than that of the bulk. The MDZ increased with increasing heating time at 1 673 K. The Si content decreased to approximately 0% from the initial content near the interface after heating at 1 673 K for 10 and 30 min in all diffusion couples. The width of Si-depleted zone Fig. 4 . In all cases, the width of the MDZ and PPZ increased with increasing heating time; the increase was remarkable in diffusion couple A0, which did not contain sulfur. The width of both the MDZ and PPZ in diffusion couple A2, which had the highest sulfur content in the bulk oxide, was the smallest. Comparing A1 and A2 with A0, the width of the MDZ and PPZ increased with decreasing sulfur content in the bulk oxide.
1 473 K Diffusion couples A1, A2, and C2 were investigated after heating at 1 673 K for 10 min followed by heat treatment at 1 473 K for 10 or 50 h. The results were compared with those of A0 in our previous paper 2) in order to identify the effects of sulfur in the alloy and bulk oxide. Figure 5 shows the cross sections of the interface between the alloy and the bulk oxide of diffusion couple A1 heated at 1 473 K for 10 h after 1 673 K for 10 min [A1-10; (a)] and at 1 473 K for 50 h after 1 673 K for 10 min [A1-50; (b)]. In the bulk oxides heated at 1 473 K for 10 h and 50 h, dark phases, gray phases, and small bright particles were observed, as shown in Figs. 5(a) and 5(b). These bright particles were identified as metallic iron. These observations are the same as those shown in our previous paper for diffusion couple A0. 2) These phenomena are also the same in diffusion couples A2 and C2. For diffusion couples A1, A2, and C2, the chemical compositions of the dark and gray phases observed in the bulk oxides after the heat treatment at 1 473 K for 10 and 50 h are listed in Table 3 . In every case, the chemical composition of the dark phase was close to MnO·SiO2 and that of the gray phase was close to 2MnO·SiO2. The FeO content decreased compared with the initial content and its content after heat treatment at 1 673 K for 10 min, which are shown in Tables 1 and 2 . The content of sulfur in the bulk oxide also decreased from the initial content, except for A2-10 (dark phase).
Small particles were also observed in the alloy near the interface. The chemical compositions of these particles are plotted in the phase diagram of the MnO-SiO2-MnS system at 1 523 K, 11) as shown in Fig. 6 . The main chemical composition of the particles was close to the 2MnO·SiO2 phase; after heat treatment, the MnS content in the particles increased to approximately 20% in all cases. After heating at 1 473 K for 50 h, the MnS content in the particles did not change. The MnS content in the case of diffusion couple C2 did not show a clear difference, even though its sulfur content was very low. Most of the particles did not exist in the liquid area of the phase diagram, even though the temperature of the phase diagram is 50 K higher than that of the experimental condition.
The concentration profiles of Mn and Si in the alloy near the interface are shown in Figs. 7 and 8 , respectively. The MDZ increased with heat-treatment time. On the other hand, the Si content near the interface gradually increased after heat treatment at 1 473 K, although it decreased to approximately 0% after heating at 1 673 K. Compared to diffusion couple A0 shown in our previous paper, 2) the decrease in the Mn content in the MDZ was smaller and the increase in the Si content in the MDZ was greater after heat treatment at 1 473 K. The concentration in the slag phase was uniform and the concentration difference between the bulk and the interface was not detected clearly in every case. Figure 9 shows the change in the width of the MDZ and PPZ with increasing heating time at 1 473 K. In these figures, the results of diffusion couples A1, A2, and C2 are shown with those of A0 from our previous paper. 2) In all cases, the width of the MDZ increased with increasing heating time, and on comparing A1 and A2 with A0, the width of the MDZ was found to decrease with increasing sulfur content in the oxide. Compared with A2 with C2, the width of the MDZ decreased with decreasing sulfur content in the alloy. The width of the PPZ increased with increasing heating time. The difference in the width of the PPZ between A0 and the other diffusion couples was much greater than the difference in the width of the MDZ. By comparing between A1, A2, and A0 or between A2 and C2, the influence of the sulfur content in the oxide or metal on the width of the PPZ was found to be similar to that of the MDZ.
The comparison between the widths of the PPZ and MDZ is shown in Fig. 10 . The widths of the MDZ and PPZ were similar, irrespective of diffusion couples after heating at 1 673 K for 10 min. After heat treatment at 1 473 K for 10 h, both the widths increased to approximately 80 μm in diffusion couple A0. However, in diffusion couples A1, A2, and C2, the increase in the width of the PPZ was minimal as compared with the MDZ. Figure 11 shows the influence of the sulfur content in the oxide on the width of the PPZ and MDZ in diffusion couples A0, A1, and A2 heated at 1 473 K for 10 h after heating at 1 673 K for 10 min. The width of the PPZ decreased remarkably with increasing sulfur content of the bulk oxide. Although the MDZ also decreased with decreasing sulfur content of the bulk oxide, the difference between the PPZ and MDZ increased with increasing sulfur content of the bulk oxide. Figure 12 shows the influence of sulfur content in the alloy on the width of the PPZ and MDZ heated at 1 473 K for 10 h after heating at 1 673 K for 10 min in diffusion couples A2 and C2. In this case, the sulfur content in the bulk oxide is the same. The width of the PPZ slightly increased with increasing sulfur content in the alloy. The width of the MDZ also increased with increasing sulfur content, even though the MDZ was wider than the PPZ.
Discussion
The formation of the PPZ and MDZ are caused by the diffusion of oxygen from the bulk oxide to the alloy, as shown in our previous paper.
2) It has been reported that the precipitation behavior of the particles was similar to the internal oxidation of the alloys and the width of the PPZ and MDZ was corresponded with the width of the internal oxidation zone predicted by Wagner's equation.
12) The amount of manganese precipitated in the PPZ as the oxide particles was almost the same amount of manganese decreased in the MDZ. However, the mass balance of oxygen was not paid much attention. Then, the mass balance of oxygen was estimated as follows. In the case of the A-0 diffusion couple, the amount of oxygen precipitated as the oxide particle was estimated from the size distribution of the particle in the PPZ. On the other hand, the content of FeO was decreased from 3 mass% to 1.5~2.2 mass% during heat treatment. Then, the width of bulk oxide layer was estimated to be 80 μm with 1 μm in thickness could supply the amount of oxy- gen consumed as the particle. The actual width of the oxide observed in the diffusion couple A-0 was about 100 μm.
This means the mass balance of oxygen was also maintained during the heat treatment and the oxygen source to form the particle was the bulk oxide. In this study, it was found that the widths of the PPZ and MDZ decreased with increasing sulfur content of the bulk oxide and with decreasing sulfur content of the alloy. This result indicates that the diffusion of oxygen was suppressed by the diffusion of sulfur.
To understand the diffusion phenomena, evaluation of the activity difference of each element (Mn, Si, Fe, O, and S) at 1 673 K and 1 473 K between the bulk oxide and the solid alloy is important because the difference of the chemical potential, which is a driving force of diffusion, is determined by the difference of the activity. However, to calculate the activity of element M in equilibrium with MOn or MSn of the bulk oxide, the value of oxygen activity or sulfur activity is necessary. This indicates that the activity difference of each element cannot be calculated without assuming the activity of oxygen or sulfur. Therefore, in our previous paper, 2) the change in the oxygen activity equilibrated with the bulk oxide and alloy at each temperature was evaluated. Using the same procedure, the change in the sulfur activity equilibrated with the bulk oxide and alloy at each temperature was evaluated in the current study.
The equilibrium sulfur content in the oxide at various temperatures with the alloy containing 0.009 and 0.001 mass% sulfur was calculated using Eqs. (1), (2), and (3). The sulfide capacity of the oxide has been reported at 1 673 K.
13) The sulfide capacity at 1 473 K was estimated by extrapolating the sulfide capacity measured at 1 823 K 9) and 1 673 K. 13) In this calculation, the temperature dependency of the standard free energy of formation for each reaction shown in Eqs. (2) and (3) was used to calculate the equilibrium constants at 1 673 and 1 473 K, even though the alloy was in the solid state at these temperatures and activity coefficient of sulfur and oxygen were assumed to be unity. The results are shown in Table 4 . In each condition, the equilibrium sulfur content in the oxide decreased significantly with decreasing temperature. The excess sulfur in the bulk oxide would diffuse to the alloy and the diffusion flux of sulfur would increase with increasing initial sulfur content in the bulk oxide. In addition, if the initial sulfur content in the alloy decreases, the flux of sulfur increases. The difference of initial sulfur content in the bulk oxide and the sulfur content in equilibrium with the alloy at 1 473 K is summarized in Table 5 . It is clear that in the case of diffusion couples A1, A2, and C2, the diffusion of sulfur from the bulk oxide to the alloy would occur and the diffusion flux would be the largest in the case of diffusion couple C2 followed by A2 and A1. On the other hand, in the case of diffusion couple A0, the diffusion of sulfur from the alloy to the bulk oxide would occur.
In the cases of diffusion couples A1, A2, and C2, sulfur and oxygen diffuse from the bulk oxide to the alloy. Because sulfur diffuses in the same direction as oxygen, the anion content in the bulk oxide decreases near the interface. To maintain the electrical neutrality of the bulk oxide, diffusion of cations (i.e., Mn and Si) to the alloy has to occur. On the other hand, in the case of diffusion couple A0, sulfur diffuses in the direction opposite to oxygen. In this case, the anion content in the bulk oxide does not change significantly near the interface, and thus the diffusion flux of the cation would be small. The direction of fluxes in each diffusion couple are schematically described in Fig. 13 .
As shown in Figs. 7 and 8 for diffusion couple A0, the Mn content in the MDZ was lower and the increase in the Mn content in the region close to the interface was also small as compared with diffusion couples A1, A2, and C2. In addition, the Si content decreased to approximately 0% near the interface after heating at 1 673 K for 10 min; however, it increased after the heating at 1 473 K. The increase in the Si content for diffusion couples A1, A2, and C2 is greater than that for diffusion couple A0. These results imply that Mn and Si, as well as O and S, migrate intensively to the alloy from the bulk oxide in diffusion couples A1, A2, and C2.
The diffusion coefficients of sulfur and oxygen in austenite are on the order of 10 -11 m 2 /s 14, 15) and those of Mn and Si in austenite are on the order of 10 -13 m 2 /s. 14) These values indicate that the diffusion of cations is much slower than that of anions. When the driving force of sulfur diffusion increases, the diffusion of cations has to occur to maintain the electrical neutrality of the bulk oxide. In this situation, the diffusion of anions is considered to be greatly suppressed by the slow diffusion rate of the cations. According to this mechanism, it can be considered that, as the driving force of sulfur diffusion increased, the migration rate of oxygen from the bulk oxide to the alloy decreased. Therefore, the width of the PPZ and MDZ decreased with increasing sulfur content in the bulk oxide and with decreasing sulfur content in the alloy. A schematic diagram of the formation mechanism of the concentration profile and related phenomena is shown in Fig. 14 . By the diffusion of oxygen from the oxide to the alloy, small metal particles were formed in the bulk oxide. With increasing oxygen content in the alloy near the interface, small oxides of MnO-SiO2 were formed and the concentration of Mn and Si decreased. When sulfur diffused from the bulk oxide to the alloy, the diffusion of Mn and Si in the same direction occurred and the Mn content in the alloy near the interface increased. However, when sulfur diffused from the alloy to the bulk oxide, the diffusion of Mn and Si was minimal and the Mn content in the alloy near the interface did not increase significantly. In our previous paper, 2) we mentioned that the difference in the MDZ and PPZ is caused by the precipitation of fine particles whose sizes are too small to be observed. The precipitated particle size will be affected by the heating temperature and diffusion flux of oxygen. In every diffusion couple after heating at 1 673 K, the width of the PPZ and MDZ is almost the same. However, after the additional heating at 1 473 K, the width of the MDZ becomes greater than the PPZ, especially when the sulfur content in the bulk oxide increases (diffusion couples A1 and A2) and the sulfur content in the alloy decreases (diffusion couple C2). The diffusion flux of oxygen can be considered to decrease with the increasing driving force of sulfur diffusion, as discussed above. Therefore, the size of the precipitated particles decreases and the MDZ becomes greater than the PPZ. Figure 6 shows a comparison of the precipitated particle compositions in the cases of diffusion couples A0, A1, A2, and C2 after heating at 1 473 K for 10 h (a) and 50 h (b). On the basis of the solubility product of Mn and S, 16 ) the critical sulfur content needed to form MnS is found to be approximately 0.001 mass% at 1 473 K for an Fe3mass%Mn alloy. 2) This indicates that the precipitation of MnS is easy for diffusion couples A0, A1, and A2 because the sulfur content in the alloy was 0.009%.
However, MnS was observed in the particles in the case of diffusion couple C2, even though the sulfur content in the alloy was lower than that in the other cases. In addition, in the case of diffusion couple A0 after the heat treatment for 50 h at 1 473 K, the MnS content in the particles decreased significantly. These results indicate that the diffusion of sulfur occurred from the bulk oxide to the alloy in the case of C2 and from the alloy to the bulk oxide in A0.
Conclusion
The diffusion couple method was used to understand the solid-state reaction between an Fe-Mn-Si-S alloy and a MnO-SiO2-FeO oxide containing sulfur. The contents of Mn and Si in the alloy were determined by the equilibrium relation with the MnO-SiO2-FeO oxide at 1 823 K. The diffusion couples were prepared by changing the sulfur content in the alloy and bulk oxide and were heated at 1 673 and 1 473 K.
Many fine particles were formed and the Mn content decreased in the alloy near the interface after heating. The widths of the MDZ and PPZ increased with increasing heating time, even though the increment of the increase for the PPZ was not remarkable as compared with the MDZ. The width of the PPZ and MDZ decreased with increasing sulfur content of the bulk oxide and with decreasing sulfur content of the alloy after heat treatment because the diffusion of oxygen was suppressed by the diffusion of sulfur. After heat treatment at 1 673 K for 10 min, the particles in PPZ chiefly comprised MnO-SiO2; however, the content of MnS increased after heat treatment at 1 473 K. The influence of sulfur on the formation of the MDZ and PPZ was discussed in terms of the difference in the driving force of sulfur diffusion and the direction of oxygen and sulfur diffusion. Mn and Si, as well as O and S, migrated to the alloy from the bulk oxide.
